It is widely believed that inhibitory synapses are not present or present in only small numbers in the rodent cerebral cortex during the early postnatal period when the cortex is being innervated by thalamocortical fibers. Quantitative electron microscopy was carried out on the posteromedial barrel subfield of mouse somatosensory cortex from postnatal day 4 (P4) when thalamocortical innervation of the barrels is becoming established, through to sexual maturity (>P32), and in adulthood. Both asymmetrical (putatively excitatory) and symmetrical (putatively inhibitory) synapses were present in all layers from P4. The symmetrical synapses were immunoreactive for GABA at all ages. There was a progressive increase in both asymmetrical and symmetrical synapses up to P32, density in all layers increasing 16-fold, with the production of asymmetrical synapses leading and greatly outstripping that of symmetrical. From P32 to P120, the oldest age studied, synaptic numbers declined by 18% to 13 times the P4 level, but this affected predominantly layers II/III, IV and V, and mainly involved asymmetrical synapses. The relative percentage of asymmetrical to symmetrical synapses from P4 to P8 was 57%/43% but at P32 it was 89.5%/10.5% and in adulthood 85.4%/14.6%. These data indicate that inhibitory synaptogenesis in the rodent cortex begins earlier than previously thought, a basis for inhibition being present from the earliest period. Pruning of all synapses occurs well after thalamocortical innervation is established and inhibitory synapses are less affected by the pruning process.
Introduction
Despite the importance of GA BA-mediated inhibition in the normal function of adult cerebral cortex and the co-generation of GA BA and non GA BA (putatively excitatory) cells during cortical development (Miller, 1985; Fairén et al., 1986; Cobas et al., 1991; Del Rio et al., 1992) , the development of inhibitory phenomena in the cortex is reportedly delayed in relation to the establishment of excitatory connections. In the rodent somatosensory (barrel) cortex, which has served as one of the principal experimental models of cortical development, excitatory synaptic potentials can be generated by stimulation of thalamocortical and probably corticocortical fibers at birth (Kriegstein et al., 1987; Agmon and O'Dowd, 1992; Burgard and Hablitz, 1993; Kim et al., 1995) , when thalamocortical fibers begin to invade the cortex in large numbers (Wise and Jones, 1978; Senft and Woolsey, 1991; Agmon et al., 1993; Catalano et al., 1996) . Inhibitory synapses derived from local interneurons are reportedly not present in rodent cortex or present in very small numbers until the second postnatal week (Blue and Parnavelas, 1983a,b; Miller, 1988; White et al., 1995) and until recently inhibitory responses to electrical stimulation in upper layers of cortex had not been reported before the second week (Luhmann and Prince, 1991; Agmon and O'Dowd, 1992; Fukuda et al., 1993) . It has now been shown that inhibitory postsynaptic potentials can follow thalamocortical excitatory responses from the time of arrival of thalamic axons in layer IV (Agmon et al., 1996) , although at relatively long latency. These observations call for reassessment of prevailing views of the development of inhibition in the cortex.
Synaptogenesis in the rhesus monkey neocortex is characterized by an initial overproduction of synapses followed by a net elimination . The elimination of synapses is reported to affect mainly asymmetrical (putatively excitatory) synapses (Zecevic et al., 1989; Zecevic and Rakic, 1991; Bourgeois and Rakic, 1993; Bourgeois et al., 1994) . In rat somatosensory cortex, however, no significant overproduction of synapses was reported between postnatal day 5 (P5) and P60, and in the rat visual cortex synaptic elimination, although reported to occur, was said to be mild and to affect only symmetrical (putatively inhibitory) synapses (Blue and Parnavelas, 1983b) . These differences and similar inconsistencies in other electron microscopic studies of cortical development may stem from difficulties in sampling the neuropil in which the majority of cortical synapses are found (De Felipe and Fariñas, 1992) . Because of the high neuronal packing density, the volume of the neuropil is extremely small early in development but it expands massively as development proceeds (Riddle et al., 1992) .
In the present study, a method was used which permits selection and unobstructed electron microscopic viewing of large areas of neuropil, avoiding neuronal somata, blood vessels, myelinated axons and large dendrites, and synaptic density was calculated by a variety of methods. The results show the presence of a substantial number of GABAergic synapses at P4, a progressive increase in symmetrical and asymmetrical synapses (which in layer IV barrels parallels the elaboration of thalamic axon arborizations) and a late synaptic elimination predominantly affecting asymmetrical synapses. Results are presented in terms of synaptic density in the neuropil, not in terms of density in the cortex as a whole. As the study was being completed, a comparable study on the rat was published (Micheva and Beaulieu, 1996) .
Materials and Methods
The somatosensory cortex of early postnatal, juvenile and adult C57Bl mice was examined using a correlative light and electron microscopic method that permits the accurate localization of cortical layers at the electron microscopic level and particularly the examination of large areas of neuropil, selectively avoiding cell somata, blood vessels, large dendrites and myelinated axons (De Felipe and Fairén, 1993) . This method is particularly useful for examining early stages of development, in which the high packing density of cells makes it difficult to obtain large samples of the neuropil when using conventional methods based on strips of constant width through the thickness of the cortex. The somatosensory cortex of 4, 6, 8, 11, 16 and 32 day old and adult (100-120 day old) mice was examined. P0 was designated as the day of birth. Two animals were analyzed at each age point except for P16 (one specimen) and for adults (three). The visual cortex (area 17) of the 100 day old mouse was examined for comparative purposes. The somatosensor y areas of 14 additional mice at the same stages as above (two animals per age) were used for electron microscopic immunocytochemical studies, using antibodies directed against gamma aminobutyric acid (GA BA) or glutamic acid decarboxylase (GAD). The mice were perfused through the heart under Nembutal anesthesia with 0.1% glutaraldehyde and 4% paraformaldehyde in 0.1 M phosphate buffer. The brains were cut at 100 µm on a Vibratome. Sections adjacent to those used for electron microscopy were stained with thionin.
Correlative Light and Electron Microscopy
Vibratome sections containing the somatosensory cortex ( Fig. 1 ) of all mice and the visual cortex of one of the adult mice were osmicated in 1% osmium tetroxide in 0.1 M phosphate buffer, dehydrated and f lat-embedded in Araldite. The embedded sections were trimmed using a removable and repositionable microtome chuck that permitted light microscopic identification of the exact layer to be sampled (Fairén et al., 1977) and then resectioned serially into semithin (2 µm thick) sections with a Reichert Ultracut microtome. The sections were stained with 1% toluidine blue in 1% borax. Appropriate layers and neuropil areas were again delimited light microscopically in the 2 µm thick sections (Fig. 1C ) which were then resectioned at 60-70 nm for electron microscopy (De Felipe and Fairén, 1993 ). This method not only served to identify the layer IV cellular aggregates or barrels which characterize rodent somatosensory cortex (Woolsey and Van der Loos, 1970) but also permitted the study of selected neuropil areas within the barrels and in other layers of the barrel cortex. Thin sections were collected on Formvar-coated, single-slot grids, stained with uranyl acetate and lead citrate and examined in a Jeol 1200 EX electron microscope.
Synaptic Density per Unit Surface Area and Unit Volume
All quantitative studies were carried out on non-immunoreacted material. The barrels appear in layer IV of the mouse somatosensory cortex at P4 (Rice and Van der Loos, 1977; Riddle et al., 1992; Cohen-Tannoudji et al., 1994) . In layer IV, we selected only barrels in the posteromedial barrel subfield and sampled neuropil only from the centers or hollows of the barrels, the region of termination of thalamic afferents. To calculate the synaptic density per unit area, at least 10 electron microscopic samples of neuropil from each of the layers I, II/III, IV, V and VI were taken from each specimen from each animal. No samples were taken from the upper subdivision of layer V (layer Va, see Fairén et al., 1986) nor from the subplate derivative, layer VIb. The samples consisted of non-overlapping electron micrographs taken at an initial magnification of 10 250× and printed at a final magnification of 30 750×. In these samples, all synapses were counted and expressed as number per 100 µm 2 . Estimates of synaptic density were made according to stereological formulae. In preliminary studies, two stereological formulae were compared. The density of synapses per volume of neuropil (Nv) was calculated from at least 10 electron micrographs per layer, using the stereological formula, Nv = NA/d (Weibel, 1979) , where NA is the number of synapses per unit area, and d the average length of synaptic contacts. The area sampled and the lengths of synaptic contacts (length of the paired membrane densities at each junction) of all synapses was measured directly from the prints. For comparison, in two of the adult mice and in the P16 mouse, serial electron micrographs through all layers of the posteromedial barrel subfield were selected and the unbiased disector method of Sterio (1984) applied. Groups of 10 sequential electron micrographs from the serial sections were used to provide five disectors through neuropil areas of each layer. The analyses were made in two directions, interchanging the reference and look-up sections (Gundersen et al., 1988) . The density of synapses by volume was obtained from the formula: Nv = ΣQ -/a × h in which ΣQ -is the number of synaptic profiles found in the reference sections which disappear in the look-up sections, a is the sampled area and h the mean thickness of the ultrathin sections used for each disector, as calculated by the small fold method of Weibel (1979) . The mean lengths of synaptic contacts were estimated from the formula H = (ΣQ/ΣQ -) × h where ΣQ is the total number of synaptic contacts. In animals younger than 8 days, the disector method proved impractical, mainly because of the small number and wide dispersion of the synaptic contacts (ref lected in the large standard deviations). This commonly resulted in counts of zero synapses in the area sampled, although synapses were objectively present. Increasing the number of disectors up to five did not resolve this problem. For example in layer I of a P6 mouse, the formula Nv = NA/d yielded estimates of 123 million asymmetrical synapses per mm 3 , 34 million symmetrical synapses per mm 3 and 329 million uncharacterized synapses per mm 3 , while five disectors and the formula Nv = ΣQ -/a × h yielded estimates of zero for both asymmetrical and symmetrical synapses and 72 million per mm 3 for uncharacterized synapses. As a test of comparability of the method of synapse sampling, in one P8 specimen the more conventional method of counting synapses in a strip of overlapping electron micrographs taken at a relatively low magnification (initial magnification 5000×; final magnification 15 000×) though the thickness of the somatosensory cortex was used. The borders of cortical layers were determined in the semithin section before resectioning. Each ultrathin section extended from the pial surface to the bottom of layer II/III. In layer I, the area of the sample was 404.42 µm 2 (neuropil only), and in layer II/III the total area was 2069.43 µm 2 , of which 1394.59 µm 2 was neuropil after subtracting cross-sectional areas of blood vessels and cell bodies. The total number of synapses was counted and the same formulae for arriving at synaptic density were applied.
Data were analyzed using a two-way analysis of variance (ANOVA). When the overall ANOVA was significant, a post-hoc Fisher's test was applied to locate more precisely the positions of the significant differences between the successive time points.
Immunocytochemistry for GABA and GA D Vibratome sections adjacent to those that were used for quantitative electron microscopy and still containing the posteromedial barrel subfield were stained immunocytochemically for GABA or GAD. Sections were preincubated in 3% normal serum in 0.1 M phosphate buffer for 3 h at room temperature, then transferred to a new solution to which either rabbit anti-GABA antiserum (Sigma, St Louis, MO), diluted 1:2000, or rabbit or sheep anti-GAD antisera had been added. The rabbit anti-GAD antiserum, K-2, from Chemicon (Kaufman et al., 1991) and the sheep antiserum, a gift from Dr M.L. Tappaz (Oertel et al., 1981) , were diluted 1:1000. Sections were incubated for 24 h at 4°C. They were rinsed in 0.1 M phosphate buffer and transferred to a solution containing biotinylated goat anti-rabbit or rabbit anti-goat immunoglobulins (Vector Labs) for 1 h at room temperature. Thereafter, the sections were incubated in avidin-biotin-peroxidase complex (Vector Labs) for 1 h and transferred to a solution of 0.05% 3,3′-diaminobenzidine tetrahydrochloride and 0.01% hydrogen peroxide in 0.1 M phosphate buffer for 2-3 min. The sections were then washed and osmicated in either 1% (for electron microscopy) or 0.02% (for light microscopy) osmium tetroxide in 0.1 M phosphate buffer. The sections for electron microscopy were dehydrated and f lat-embedded in Araldite. For light microscopy, sections were dehydrated, cleared with xylene and coverslipped with DPX. Control sections for immunocytochemistry were processed as above but with primary antiserum replaced by normal serum, or in the case of GABA, with primar y antiserum adsorbed with an excess of GABA-albumin conjugate. No significant staining was detected under these control conditions.
Results

Postnatal Development of GABAergic synapses
GABA-and GAD-immunoreactive cell somata were observed in the somatosensory cortex at all ages and immunoreactive axon-like processes were evident in the differentiating cortical layers and in the remainder of the dense cortical plate from day 4 (see Cobas et al., 1991) . At P6, immunoreactive processes adopted the form of vertically oriented threads composed of multiple fibers of very fine caliber. These groupings of fine processes gave a conspicuous streaked appearance to the neuropil of all layers of the posteromedial barrel subfield (Fig. 2,  arrows) . In the undifferentiated cortical plate, the vertical fibers lacked boutonal enlargements but in subjacent layers (layers IV-VI), the vertically oriented fibers showed discrete punctate enlargements (arrows in Fig. 2C-E ). Electron microscopically, most of these structures corresponded to synaptic boutons. Most immunoreactive puncta were located in the neuropil, not applied to cell somata. By P6, some of the immunoreactive puncta formed aggregations around unstained cell bodies ( Fig.  2C-E) . With advancing age, pericellular aggregates of puncta in addition to those in the neuropil became apparent in all cortical Fig. 3 ). By P11 (Fig. 3A-D) , the number of puncta overall and the number around unstained cell bodies was still qualitatively fewer than in adulthood ( Fig. 3E-G ). Subsequent to P16, their numbers had increased to an extent that the pattern was qualitatively similar to that found in the adult. At all ages, puncta were less apparent in layer VI than in layer V and in the granular and supragranular layers (Fig. 3D,G) including the barrel hollows.
layers (
Morphological Characteristics of Developing Synapses
Synapses were identified by the presence of parallel thickenings on the cytoplasmic faces of both the presynaptic and postsynaptic membranes, by the presence of vesicles at the membrane specialization of the presynaptic element, and by the presence of electron-dense material in the synaptic cleft (Peters et al., 1991) . Many of the synapses could be characterized as asymmetrical when the postsynaptic density was thick ( Fig.  4A-C) , or symmetrical when this density was thin (Fig. 4E,F ) (Gray, 1950; Colonnier, 1968) . When membrane thickenings or the cleft between contiguous profiles were blurred, but other distinctive criteria were identifiable, particularly the presence of a localized aggregation of synaptic vesicles at the presynaptic membrane, these were included in the counts as synapses. Study of serial sections usually confirmed the synaptic nature and type of the junctional complexes. Any synapses that could not be unambiguously categorized as symmetrical or asymmetrical were counted as uncharacterized synapses.
The content of synaptic vesicles progressively increased from P4 to adulthood. From P4 to P11, the number of vesicles in the presynaptic elements of both asymmetrical and symmetrical synapses was relatively small and rather variable; within the same microscopic field, presynaptic elements with very few synaptic vesicles were commonly found adjacent to others which contained numerous vesicles ( Fig. 4A-F ). Postsynapticlike membrane densities without an apposed presynaptic element were occasionally found (see also Blue and Parnavelas, 1983a) ; parallel membranes with synaptic like thickenings but without presynaptic vesicles were consistently found from P4 to P11 (Fig. 4D) . None of these were included in the counts.
Postsynaptic Densities of GABA-and GAD-immunoreactive and Non-immunoreactive Synapses
At all time points studied, GABA-or GAD-immunoreactive axon terminals forming synapses displayed exclusively symmetrical membrane densities and, conversely, none of the axon terminals with asymmetrical membrane contacts were immunoreactive for GABA or GAD (Fig. 4G) . 
Morphological Characteristics of the Neuropil
At P4 (Fig. 5A) , the neuropil was composed of relatively thick processes (particularly in the differentiating layer II/III) that contained few organelles, making it difficult to identify them as dendritic or axonal profiles or as neuroglial processes. The extracellular space was prominent, particularly in layer I. From P4 to P32, there was a marked decrease in the extracellular space (especially from P4 to P8) and a progressive decrease in the diameters of the processes, while their content of organelles increased (Figs 5 and 6A) . From P32 to adult, there was an increase in the size of processes in the neuropil except for myelinated axons whose diameters remained practically the same (Fig. 6) . Qualitatively, the highest packing density of processes in the neuropil was seen at P32, by which time the neuropil contained numerous dendritic and axonal profiles of small diameter. The first myelinated axons were observed at P11 in layer VI; at this time, however, the number of myelinated axons was small and myelin sheaths were thin. From P16 to P32, myelinated axons had become numerous in all layers and the myelin sheath showed a similar thickness to that seen in adults. No degenerating processes were identified at any of the time points studied.
Synaptic Density per Area of Neuropil
Considering all types of synapses contained in the neuropil of all cortical layers taken together, the number of synapses (± standard deviation) increased dramatically from P4 to P32 and then decreased by ∼18% to adult levels (Fig. 7A, Tables 1 and 2 ). In the primary visual cortex of one of the adult mice, a figure of 62.81 ± 13.97 synapses per 100 µm 2 of neuropil was found which is similar to that in the adult barrel cortex (Table 1 ). In the barrel cortex, differences were highly significant between all ages except between P6 and P8 (Fig. 7A) . Between P4 and P6 and between P4 and P8, differences were significant at the P < 0.05 level; between the other pairs of age groups, differences were significant at the P < 0.0001 level. The alternative sampling method, using uninterrupted strips of partially overlapping electron micrographs taken at a relatively low magnification in the P8 specimen, gave a numerical density of synapses that was 11.13 ± 5.33/100 µm 2 in layer I and 6.81 ± 3.61/100 µm 2 in layer II/III, values that were within the range of those found with the method of specifically sampling the neuropil (see below).
Laminar Distribution of Synapses
In adults (Fig. 7B, Table 2 ), the highest mean synaptic densities in the neuropil were found in layer I and in layer IV, the second highest value was in layer II/III, followed by layer V, with the lowest in layer VI. For comparison, the synaptic density in the neuropil of the adult visual cortex was 65.33 ± 11.67/100 µm 2 in layer I, 70.35 ± 8.56/100 µm 2 in layer II/III, 65.33 ± 7.30/100 µm 2 in layer IV, 50.25 ± 8.43/100 µm 2 in layer V and 47.74 ± 9.75/100 µm 2 in layer VI, values which are similar to those shown in Table   2 for the adult somatosensory cortex. Differences in numerical synaptic density of the neuropil were found among the cortical layers at all ages, but the relative differences between layers changed throughout the course of postnatal development (Fig. 7B, Table 2 ).
Comparing P32 and adult mice, synaptic density by area was significantly higher (P < 0.0001) at P32 in layers II/III, IV and V, but no significant difference was found between layers I and VI. Therefore, the decrease in the overall synaptic density from P32 to adult was due to a decrease in synaptic density in layers II/III, IV and V, particularly in layers II/III and V (Fig. 7B) .
Relative Proportions of Synapses of the Different Morphological Types
The percentage of synapses that could be completely charac- terized (i.e. asymmetrical plus symmetrical synapses) was similar at all ages and varied between ∼43% and ∼59% of the total number of synapses counted. The ratio of asymmetrical to symmetrical synapses was similar from P4 to P8 (∼57% asymmetrical to ∼43% symmetrical; Table 1 ). Starting at P11 however, the percentage of asymmetrical synapses increased while that of symmetrical synapses decreased (Table 1) . At P32, 89.58% of the characterized synapses were asymmetrical and Table 1 The total areas of neuropil evaluated for each animal, density of synapses by area (NA) and volume (Nv) ± standard deviation or standard error of the mean, and percentage of asymmetrical (AS) and symmetrical synapses (SS) 10.42% were symmetrical. From P32 to adulthood, the percentage of asymmetrical synapses decreased to 85.42%, whereas that of symmetrical synapses increased to 14.58%. These values were similar to those found in the adult visual cortex (where 88.89% of the characterized synapses were asymmetrical and 11.11% were symmetrical; data not shown). The decrease in the percentage of symmetrical synapses in the neuropil detected from P4 to P32 was not due to a net loss of this type of synapse, since the numerical density of symmetrical synapses increased up to P32 (Fig. 8A) .
The numerical density of asymmetrical synapses in the neuropil increased at about the same rate as that of symmetrical synapses from P4 to P8 but increased rapidly from P11 to P32 and thereafter declined to reach adult values (Fig. 8A) . Thus, the changes in the percentage of asymmetrical versus symmetrical synapses from P4 to P32 may be accounted for by a far greater increase in the rate of production of asymmetrical synapses.
Although the ratio of symmetrical to asymmetrical synapses increased towards adulthood, the numerical density of symmetrical synapses was smaller in adult than in P32 mice (Fig.  8A) . The small decrease in the numerical density of symmetrical synapses (∼8%), compared with the larger decrease in the density of asymmetrical synapses (∼37%) found from P32 to adulthood, may explain the increase in the ratio of symmetrical to asymmetrical synapses.
The numerical density of uncharacterized synapses also increased, slowly from P4 to P8 (Fig. 8A ) and then very rapidly from P11 to P32, but from P32 to adulthood there was no change (Fig. 8A) . The dramatic decrease in the overall synaptic density, quantified in relation to the surface area of the neuropil, that occurred from P32 to adulthood was mainly due to a loss of asymmetrical synapses from layers II/III, IV and V (Fig. 8B-D) .
Synaptic Density in Layer IV
In layer IV, specifically in the neuropil of the barrel hollows of the posteromedial barrel subfield, the numerical density of symmetrical synapses was very low at P4, increased slowly to P11 and remained unchanged until P16 (Fig. 8C, Table 2 ). Thereafter, density increased to the adult value (Fig. 8C) . The density of asymmetrical synapses in the layer IV neuropil was also very low at P4 but then increased at a higher rate to P32. Thereafter, there was a decrease to the adult value which approached the mean value over all layers for asymmetrical synapses (Fig. 8A, Table 2 ). 
Length of Synaptic Contacts
For all types of synapse and for all cortical layers, the mean lengths of synaptic contacts, as measured directly from the electron micrographs, decreased from P4 to P32 and then increased to reach the adult value (Fig. 9A ). By comparison with the direct length measurements, those obtained by use of the formula (ΣQ/ΣQ -) × h (see Materials and Methods) in the adult gave approximately the same mean lengths (Table 3 ). There were no significant differences between data from pairs of mice compared at P4 and P6, P4 and P8, P11 and adult, and P16 and P32. Between the other groups differences were significant at the P < 0.0001 level, except between P11 and P16 and between P16 and adult, where they were significant at P < 0.05. In general, there was a direct relationship between the decrease in synaptic length and times at which there was a higher rate of production of synapses. The lowest mean values of synaptic length were found at P16 and P32, when the rate of synapse production was at its highest. There were no significant differences in synaptic lengths between layers within each group of mice (Fig. 9B) .
Synaptic lengths of asymmetrical, symmetrical and uncharacterized synapses at the different ages showed mean values similar to those of all synapses (data not shown). However, there was a tendency for synaptic length to be greatest for asymmetrical synapses (Table 3) . Comparisons of mean synaptic lengths measured directly from the electron micrographs and calculated by the Sterio (1984) formula from the five disectors in adult cortex gave similar figures overall but the disector method estimated a greater synaptic length for asymmetrical and a shorter length for symmetrical synapses than shown by the direct measurements (Table 3) .
Estimates of Synaptic Density per Volume of Neuropil
From P4 to P8, synaptic density per mm 3 of neuropil, as calculated by the Weibel (1979) formula, was low (Tables 4 and 5 ). This was followed by a rapid increase from P11 to P16 and P32 and then a decrease in adults (Fig. 7C,D , Table 4 ). Estimates of density of symmetrical, asymmetrical and uncharacterized synapses per mm 3 of neuropil in each layer of adult animals were generally slightly lower when the calculation was made from stereological disectors but rarely exceeded 7% (Table 5 ). This was generally also true of the P16 mouse except for layer VI (Table 6) . Anomalous values (zero synapses) were obtained with the disector method in certain layers in mice younger than P16 (data not shown; see Materials and Methods).
Considering all layers together, estimates of synaptic density per unit volume were not significantly different between P4 and P6 or between P4 and P8, despite differences in density per unit area which were significant at the P < 0.05 level (see above). This variability stems from the change in synaptic lengths at these ages (Fig. 9A) . For all other pairs of age points, differences in density were significant at the P < 0.0001 level and thus followed the assessments of density per unit area. However, the magnitude of the differences varied: between P16 and adulthood, the increase in total synaptic density calculated per unit volume was ∼13%, whereas the observed increase in density per unit area was higher, at 30%; between P32 and adulthood, the decrease in total synaptic density per unit volume was ∼30%, and that per unit area was 18%.
The magnitude of the changes in estimated synaptic density/mm 3 in all layers (Fig. 10A ) or layer by layer (Fig. 10B-D Tables 2 and 4 ). At P4, the highest mean number of synapses per mm 3 of neuropil was calculated to be in layers I and IV (Table 4) . From P6, there was a marked increase in synaptic density in layer II/III and moderate increases in the other layers. By P32, calculated synaptic density of the neuropil reached maximum values, with the highest mean density in layer II/III, the second highest value in layer IV, followed by layers I and V and with the lowest density in layer VI (Table 4) . In adult mice, layer IV showed the highest density but there was a significant (P < 0.0001) decrease in synaptic density in the neuropil of all layers except layer VI which remained practically unchanged from P32. The decrease was most prominent in layer II/III.
Summary
From P4 to adult, symmetrical and asymmetrical synaptic contacts were always associated with GABAergic and non-GA BAergic axon terminals respectively, and GABAergic synapses were present from the earliest age. Synapse numbers increased 16-fold from P4 to P32 with asymmetrical leading symmetrical, and by P32 asymmetrical synapses exceeded symmetrical by ∼9:1. Overall, synaptic numbers decreased by 18-30% from P32 to adulthood but this decrease affected mainly asymmetrical synapses in layers II/III, IV and V. Symmetrical synapses represented a relatively large fraction of all synapses at early time points but were quickly reduced to a much smaller percentage as production of asymmetrical synapses accelerated. There was no indication that postsynaptic densities typical of asymmetrical and symmetrical synapses were formed by progressive thickening or thinning of a postsynaptic density (from a symmetrical to an asymmetrical or vice versa). The mean length of synaptic contacts nevertheless decreased from P4 to P32, and then increased slightly to adult levels. It is not known if changes in the mean length of synaptic contacts occurred as part of the normal process of maturation, or if they were due to arrival (or loss) of axonal systems whose terminals had specific synaptic lengths.
Discussion
This study was aimed primarily at identifying the presence of symmetrical (inhibitory) synapses during the period of thalamocortical innervation, and obtaining an estimate of their abundance relative to asymmetrical (excitatory) synapses over time. As in the recent study of Bourgeois and Rakic (1996) , it was the kinetics of synaptogenesis rather than absolute densities of synapses at each age that was the primary goal. It was possible, however, to obtain estimates of densities per volume using two formulae, including one that has previously been extensively employed in these kinds of studies in the past in order to facilitate comparison with those studies (O'Kusky and Colonnier, 1982; Colonnier and Beaulieu, 1985; Bourgeois et al., 1989 Bourgeois et al., , 1994 Bourgeois and Rakic, 1993; Granger et al., 1995) . The currently favored disector method, which was also applied, proved impractical in the youngest animals, but when applied in the adult and to a large extent at P16 it gave results within 7% of those obtained with the older method. This is in line with the comparative observations of Keller et al. (1992) , Beaulieu et al. (1992) and Beaulieu (1993) on the two methods. Hence, the 
Table 3
Comparison of the estimate of the mean length (µm) of asymmetrical (AS), symmetrical (SS) and uncharacterized (UC) synaptic contacts (synaptic apposition length, d) measured directly from electron micrographs (left) and mean height (H) of the synaptic contacts using the formula (ΣQ/ΣQ -) × h (Sterio, 1984) 
GABAergic Synapses
Typical symmetrical and asymmetrical synapses were identifiable from the earliest age studied (P4) and symmetrical synaptic contacts were invariably associated with GABAergic axon terminals in immunostained preparations, providing a morphological basis for GABA-mediated inhibition from P4. The fact that inhibitory postsynaptic potentials can be induced by thalamocortical stimulation in layer VI at P0 and in layer IV at P2 (Agmon and O'Dowd, 1992; Agmon et al., 1996) implies that some effective GABAergic synapses are present even before P4. Thalamocortical axons have invaded layer VI at birth and reach layer IV at P2 (Agmon et al., 1993) and must, therefore, be making synapses on GABAergic cells which possess functional synapses on other cells at these stages. Immunocytochemistry and in situ hybridization histochemistry show the presence of GABA-or GAD-immunoreactive, or GAD mRNA containing cells from birth or before in developing barrel cortex (Fairén et al., 1986 (Fairén et al., , 1996 Cobas et al., 1991; Del Rio et al., 1992; Golshani et al., 1995 Golshani et al., , 1997 Micheva and Beaulieu, 1996) . Immunoreactivity for GABAA receptor subunit polypeptides and neurons expressing GABAA receptor subunit genes are also present (Cobas et al., 1991; Laurie et al., 1992; Fritschy et al., 1994; Golshani et al., 1995 Golshani et al., , 1997 . The present results, allied with the recent physiological studies, indicate that the GABA cells form functional synapses much earlier than implied by preceding morphological studies (Blue and Parnavelas, 1983a,b; Miller, 1988; White et al., 1995) . Inhibitory responses to thalamocortical stimulation nevertheless occur at long latency before P8 and can be elicited only at very low frequencies of stimulation. In addition, GABAA receptor-mediated postsynaptic currents show more positive reversal potentials before P8 (Agmon et al., 1996) . The weakness of the response may ref lect the small number of GABAergic synapses seen before P8 in the present study as well as immaturity of the GABAA receptor channel. In layer IV, shortening of the latency of inhibitory IPSP/Cs to a disynaptic one at P8-11 (Agmon and O'Dowd, 1992) probably depends on earlier spiking of inhibitory neurons caused by increasing excitatory thalamocortical drive, as branching of thalamocortical axons (Agmon et al., 1993) and proliferation of asymmetrical synapses (present study) start their rise to peak levels in the barrels between P8 and P12.
Increase in Synaptic Numbers
From P4 to P32 there was a marked increase in the number of synapses. Although many synapses might be eliminated during this period, elimination would be masked by the high rate and continuous production of new synapses. The accelerated production of asymmetrical synapses in comparison with AS, asymmetrical synapses; SS, symmetrical synapses; UC, uncharacterized synapses.
Table 5
Comparison of estimates of numerical density of asymmetrical (AS), symmetrical (SS) and uncharacterized (UC) synapses per unit volume (mm 3 ) of neuropil, using the stereological formulae Nv = NA/d
and Nv = ΣQ/a × h in the same electron micrographs from the barrel cortex of two adult mice symmetrical synapses in layer IV during P11-P16 ref lects the elaboration of thalamocortical axon arborizations and maturation of thalamocortical synaptic responses during this period (Agmon and O'Dowd, 1992; Agmon et al., 1993) . The local axonal arborizations of inhibitory neurons, which are the sources of symmetrical synapses, develop relatively late (Miller, 1988; Cobas et al., 1991) . This is likely to be associated with the delayed proliferation of symmetrical synapses in comparison with asymmetrical synapses. There was a further dramatic increase in the density of synapses in the neuropil from P16 to P32. This increase was of the order of 30.77 synapses per 100 µm 2 (72.72%) or an estimated 1437 million synapses/mm 3 (64.09%). This is likely to be due to development of inter-and intra-laminar axonal arborizations of excitatory and inhibitory cortical neurons, as well as elaboration of terminal ramifications of thalamocortical, corticocortical and commissural axons (Wise and Jones, 1978; Erzurumlu et al., 1990; Catalano et al., 1991 Catalano et al., , 1996 Senft and Woolsey, 1991; Agmon et al., 1993) .
Decrease in Synaptic Numbers
From P32 to adult, there was a significant reduction in synapses. The reduction amounted to ∼13.13 synapses per 100 µm 2 (17.96%) or an estimated 1099 million synapses/mm 3 (29.87%) of neuropil. The more pronounced reduction in synaptic density, as estimated per unit volume in comparison with measured density per unit area, may be due to the decrease in synaptic length from P32 to adult. However, it is also possible that it ref lects differential shrinkage of cortical tissue at the different ages.
The late decrease in synaptic density from P32 to adulthood probably ref lects pruning of axonal connections, rather than cell death. Cell death in developing rodent neocortex (reviewed in Ferrer et al., 1992) mainly occurs during the first postnatal week (Ferrer et al., 1994; Spreafico et al., 1995) and is relatively mild, even in the derivative of the cortical subplate (layer VIb) in which cell loss is evident in other species (Allendoerfer and Shatz, 1994) . The loss of synapses from P32 to adulthood did not affect all types of synapse or all cortical layers equally; the decrease in symmetrical synapses was relatively small (∼8%) in comparison with the decrease in asymmetrical synapses (∼37%). The most affected layers were layers II/III and V followed by layer IV. Hence, in mouse somatosensory cortex, postnatal synapse overproduction and subsequent elimination appears to be characterized by selective pruning of excitatory circuits.
Comparison with Other Studies
Previous studies on the cortex of rodents have been expressed in terms of synaptic density per area or volume of cortex as a whole (i.e. neuropil plus neuronal and neuroglial somata, myelinated axons and blood vessels), while the present results are expressed in terms of density per area or volume of neuropil only. Consequently, the numbers in the present study are higher. Kristt and Molliver (1976) found a density for all types of synapse of 2.3 synapses per 100 µm 2 of cortex in the P6 rat somatosensory cortex, and White et al. (1995) 1.5 per 100 µm 2 at the same age in mice, with a subsequent relative increase comparable to the present results. Blue and Parnavelas (1983b) found that mean numerical density of symmetrical plus asymmetrical synapses in rat visual cortex increased continuously Table 6 Comparison of estimates of density of asymmetrical (AS), symmetrical (SS) and uncharacterized (UC) synapses per mm 3 of neuropil, using the stereological formulae Nv = NA/d and Nv = ΣQ/a × h in the same electron micrographs from the barrel cortex of the P16 mouse from P0 to P90 with a slight and non-significant dip from P28 (7.459 synapses/100 µm 2 ) to P90 (7.382 synapses/100 µm 2)
. The mean asymmetrical synapse density did not decrease at any time point studied, but symmetrical synapses declined significantly between P20 (0.405 synapses/100 µm 2 ) and P28 (0.327 synapses/100 µm 2 ) and between P28 and P90 (0.209 synapses/100 µm 2 ). This was not evident in the barrel cortex. In the rat barrel field, Micheva and Beaulieu (1996) recently found 107 million symmetrical and asymmetrical synapses per mm 3 at P5, rising to 149 million at P10, 474 million at P15, 608 million at P20 and falling slightly but insignificantly to 560 million at P60. These authors reported that the proliferation of non-GABA (asymmetrical) synapses followed this same trend, while that of GABA (symmetrical) synapses peaked at 260% of the P5 level at P15-20 and thereafter their density remained constant to P60. As in the present study, the supragranular layers showed the greatest increases in synaptic density during the phase of highest synaptogenesis (P10-P15 in the rat, P11-P16 in the mouse).
Unlike in the present study, Micheva and Beaulieu did not report a significant loss of synapses of either type within the time period studied. Schüz and Palm (1989) reported, in several areas of adult mouse neocortex, a synaptic density of ∼650-800 million symmetrical and asymmetrical synapses per mm 3 of cortex. Beaulieu et al. (1994) reported a density of 666 million synapses of both types per mm 3 of adult rat visual cortex which is similar to that reported by Micheva and Beaulieu (1996) in the rat somatosensory cortex (see above). We calculated a synaptic density of ∼2580 million synapses of both types per mm 3 of neuropil, which indicates that the density of synapses in the neuropil, is 3-4 times higher than cortical density overall. The percentage of GA BAergic (symmetrical) synapses in rat somatosensory cortex was 11-14% (Micheva and Beaulieu, 1996) and in rat visual cortex 10.4-12% (Beaulieu et al., 1994) . These figures compare with the 11% of symmetrical synapses found in mouse barrel cortex in the present study. The relative percentages observed in the barrel cortex are also similar to those found by other authors in various cortical areas of adult mice and other mammals (values in the range 75-95% are given for asymmetrical synapses and 10-25% for symmetrical synapses: Beaulieu and Colonnier, 1985; Rakic et al., 1986; Schüz and Palm, 1989; Beaulieu et al., 1994; Micheva and Beaulieu, 1996) .
The present study shows that synaptogenesis in mouse somatosensory cortex follows the same general pattern as that reported in primates. In monkey neocortex there is a postnatal overproduction of synapses followed by net elimination. Synaptic elimination is accelerated after puberty and appears to be a selective process since it affects mainly asymmetrical synapses (reviewed in Rakic et al., 1994) . In the mouse, puberty occurs around the fourth postnatal week and the reduction in density of synapses which also affects mainly asymmetrical synapses also occurs after this period.
